The involucrin genes of the mouse (Mus musculus) and the rat (Rattus nowegicus) have been cloned and sequenced. The coding region of each gene contains, at site P, a segment of repeats homologous to that of other nonanthropoid mammals. In contrast to the repeats of species belonging to different mammalian orders, many individual repeats of the mouse and the rat can be matched. Both before and after the divergence of the two species, these repeats have been the site of systematic alterations in nucleotide sequence. One of the alterations is the correction of nucleotides of one repeat by those of another. Corrected nucleotides may be closely linked to flanking nucleotides that are uncorrected; the systematic correction process therefore appears to be due to gene conversion. There is a stretch of 18 reiterated CAGs in the segment of repeats of the Mus gene; most of these reiterations were introduced recently, supporting the idea that the gene was generated originally from poly CAG. An antiserum to a synthetic peptide encoded by the segment of repeats of the Mus gene reveals differentiation-specific expression of the gene in the epidermis.
Introduction
In the mammals, involucrin, a protein of squamous epithelium, contains a segment of short tandem repeats rich in glutamine, glutamic acid, leucine, proline, glycine, lysine, and histidine. In the nonprimate mammals and the lower primates, the segment of repeats is located at site P, -80 residues from the N terminus; in the anthropoid primates, the segment of repeats at site P was replaced by another segment of repeats with a different sequence located at site M nearly 150 residues from the N terminus. Comparison of the segments of repeats at site P of different species has revealed consistent patterns of evolutionary change that must depend on underlying mechanisms of gene alteration. These include nucleotide correction and codon deletion at targeted positions. Comparison of the nucleotide sequence of the involucrin gene of the mouse (Mus musculus) and the rat (Rattus nowegicus) sheds additional light on these evolutionary changes.
Material and Methods
An involucrin probe for Rattus was first synthesized by the polymerase chain reaction (PCR). Rattus genomic DNA was prepared from a Sprague-Dawley rat and hybridized with a pair of primers. These primers were derived from comparisons of all other involucrins previously sequenced. The upstream primer ( 5 ' GGGCGAATTC CYT GAG CAA SAR TGT GRG C 3') corresponds to a four-base clamp, an EcoRI restriction site, and codons 69-75 of the rat gene just 5' of site P. The downstream primer (5' GGGCTCTAGA CTC TTG ATC CAG KTG CTG GT 3') corresponds to a four-base clamp, an XbaI restriction site, and codons 509-503 of the rat gene between site P and site M. After 30 cycles of amplification by the Taq polymerase with annealing at 58"C, the only PCR product detectable by Southern blotting with a pig involucrin DNA probe was a fragment slightly > 1 kb in length (one of four products of 0.5-2 kb, visible by ethidium staining).
Sequencing of the two ends of this fragment confirmed that the amplified sequence consisted of part of the coding region of the involucrin gene. This fragment was used as a probe for all subsequent Southern blots and library screenings.
To isolate the rat involucrin gene, we constructed a library from size-fractionated genomic DNA. After digestion with Hind111 and electrophoresis of the digest, fragments of -1.5 kb were excised from the agarose gel and ligated to pUC 18 previously cut with HindIII. Approximately 3 X 10 5 transformants were obtained. Screening of 6 X lo4 bacterial colonies yielded four positive clones. Two of these clones were subcloned into Ml 3 and entirely sequenced, clone 1 mostly on one strand and clone 2 mostly on the opposite strand. Since these clones lacked the part of the coding region downstream of the 3' Hind111 site ( fig. 1 ), a second library of size-fractionated genomic DNA, consisting of EcoRI fragments of -5 kb, was constructed in Lambda Zap II (Stratagene).
Approximately 8 X lo5 transformants were obtained, and, of the 2.5 X 10 5 phage plaques screened, 11 were positive for involucrin.
Plasmids were rescued from the plaques according to the manufacturer's recommendations. Digestion of one of the positive clones (clone 3) with Hind111 and BawrHI generated a number of fragments, including one of 383 nucleotides and one of 426 nucleotides; sequencing of the latter yielded that part of the coding region downstream of the 3' Hind111 site ( fig. 1) .
In order to isolate the involucrin gene of Mus, we generated, in pUC 18, a genomic library of Hind111 fragments of -1.3 kb, prepared from DNA of an NIH Swiss nu/ nu mouse. Bacteria were transformed by electroporation, and lo7 recombinants were obtained. Screening of 5 X lo4 bacterial colonies with the amplified Rattus sequence prepared by PCR yielded four positive clones. Clones 1 and 2 were entirely sequenced, clone 1 mostly on one strand and clone 2 mostly on the opposite strand. As did the corresponding Rattus clones, the Mus clones lacked the 3' end of the coding region.
A complete library of mouse genomic DNA ( Balb/c) was provided by Dr. Philip Leder ( Harvard Medical School). Screening of lo6 phage plaques yielded 3 positives. hDNA was prepared according to the method of Davis et al. ( 1980, pp. 106-108) , with the modifications described by Bender et al. ( 1983) . Digestion with various combinations of restriction enzymes revealed that the three clones were identical and contained the entire involucrin gene. After digestion with EcoRI, a 7.6-kb fragment ( fig. 1 ) was isolated. The nucleotide sequence of the 3' end of the coding region missing from clones 1 and 2 of the Hind111 fragments was determined on one strand directly, by using a synthetic primer (ATA GAG CGT GAA GGT TAT) corresponding to codons 400-405. For the other strand, a PCR product was generated from the same upstream primer and a downstream primer (ctctgtagtgagagcgtc) complementary to the sequence located 53-70 nucleotides 3' of the stop codon ( fig. 2 ). The PCR product was subcloned in the pCR vector (Invitrogen).and was sequenced in both orientations. The sequence given for Mus in figures 2 and 3 is, from codon 1 to codon 4 17, that of the Swiss (nu/nu) and, from codon 4 18 to the 3' end, that of the Balb/c. In the parts of the coding region that were sequenced in the two mouse strains, only 1 (0.11%) of 936 nucleotides was divergent. However, there were differences in poly CAG insertions ( see below ) .
Results

The Coding Region of the Gene Upstream and Downstream of the Segment of Repeats
A consensus sequence for the coding region has been made for three mammalian orders: Primates ( 15 species), Artiodactyla ( 1 species), and Carnivora ( 1 species). These orders have been considered to be more closely related to each other than to Rodentia (Li et al. 1990 ). Each order was given equal weight in the derivation of the triordinal mammalian consensus sequence, which was then aligned with the sequences for Mus musculus and Rattus norvegicus ( fig. 2) . Apart from the segment of repeats at site P and the sequence at site M, there are 438 nucleotides ( 146 codons) in the A4us coding region. Over the length of this region, there are, in addition to some common deletions and insertions, 100 nucleotides (i.e., 23%) divergent from the triordinal consensus but shared by the two rodents. There are also 23 divergent nucleotides (537) GTC CCA GCT CCT GGC CAG GTC CAA GAV ACC ,,-CCA SCC CAG YCC CTG AAG ,G_G_ATGAA GTC gta cca age act gac --------------t laa$ cca gtc caa cca gtg aaa ,---, gga gac GTA CCA AGC ACT GAC AGA GTC CAA GAG ACT +G,:CCA ATC CAA CCA GTG AAA !-_-_-JGAA GAC (556) TTG CCC CCT RYA GAG CAG CAG CAC CAG --G CAG GAG GTB CAN TGG CCW CYM RAA CAT AAG get ctc act aca gag aag tag tag tag sac cat gaa'gtg tag tga age;:---; aaa act aaa TCT CTC ACT ACA AAG AAG-CAG CAG CAC AGC CAT GAA GTG CAG pZA agt '---' aaa act aaa (570 (Eckert and Green 1986; Djian and Green 1989a, 19896, 1990; Teumer and Green 1989) , 4 cercopithecoid monkeys ( Djian and Green 1992) , 3 ceboid monkeys (Tseng and Green 1989; Phillips et al. 199 I) , the tarsier (Djian and Green 199 I) , and 2 prosimians (Tseng and Green 1988; Phillips et al. 1990a) ], 1 artiodactyl (the common pig, Sus scrofa), and 1 carnivore (the domestic dog,
Cunis jhmiliuris) (Tseng and Green 1990) . Each order was given equal weight. The sequences of Mus muscdus and Rattus norvegicus have been aligned, by eye, with the triordinal consensus sequence. At site P, which contains the segment of repeats, the sequence given for each rodent is the consensus sequence of the repeats. The sequence at site M, which is repeated in the higher primates, is not repeated in the rodents or other nonanthropoid species. The shared nucleotide divergences in the coding region of the rodents excluding sites P and M are framed, and the divergences in only one of the rodents are circled. Shared deletions or insertions in the rodents (hatched boxes) are always of three nucleotides. The coding region of Ruttus is shorter than that of the triordinal consensus sequence, by six triplets, as the result of a termination codon produced by a G+A mutation in the murid lineage. The coding region of Mus is shorter than that of Ruttus, by a further 33 codons, as a result of a termination codon produced by a C+T mutation within exclusive to M. muscuZus and 35 exclusive to R. nowegicus. When the mean of these values (29, or 6.6%) is taken and when a constant rate of substitution is assumed, the lineage common to the two rodents since the eutherian radiation is calculated to be nucleotides differing from the triordinal consensus sequence are in boldface. Repeats shared by the two species, as identified by common marker nucleotides and deletions, are indicated by capital letters. Nucleotides are considered corrected when the same marker nucleotide appears at the same position in three or more of the repeats of both species, usually with concentration in neighboring repeats. Corrected nucleotides shared by both species are framed, and corrections occurring in only one species are circled. When only one of the two species possesses three or more corrected nucleotides at a given position, these have not been framed in either species. (CAG), reiterations at position 11 are indicated. Duplications of pairs of repeats in the common lineage or in Rattus alone are framed. Cysteine codons are underlined.
3.5 times longer than the period since divergence of the two rodents. This figure may be compared with reported divergence times of the eutherian orders and of Mus/ Rat&s, which are considered to be 90 Mya and 23 Mya, respectively (Brownell 1983; Sarich 1985; Shoshani et al. 1985) .
The genes of rodents have been thought to undergo nucleotide substitution at a rate more rapid than those of other lineages (Wu and Li 1985) . This appears to be the case for the involucrin gene. In the coding regions of the gene, exclusive of site P, norvegicus CAG CAG ACA CCA C G CAG CAG ---CAG C CAT GAG CCA GAA CTG CAC CTG GGA AAG CAG CAG ---CAT CAG GAG TCA CAT GAA CCA GAA CTG CAC CTG GGA AAG CAG CAG ---CAT CAG GAG TCA s GAG CCA GAA CTG CAC CTA GGG GAA CAG CAG --- their divergence, has been -2.5 times that in the two anthropoids. This is quite similar to the difference in rate of silent nucleotide substitution between a number of coding regions of rodents and those of other mammals ( Wu and Li 1985) .
Because the amino acid sequence of involucrin has evolved freely (see below), it is likely that nucleotide substitutions leading to amino acid replacements in this gene have been hardly more subject to selective pressure than have synonymous mutations in other genes (Green and Djian 1992) . As a contrasting example of a conservative protein, the A chain of a crystallin is identical in Mus and Rat&s, and the number of differences between their c1 crystallin and that of other mammalian orders is very small (de Jong 1985) . Cytochrome c and insulin are identical in Mus and
Rattus.
The Segment of Repeats at Site P of the Rodents Like other nonanthropoid mammals, the rodents possess a segment of repeats at site P. Mus musculus has 2 1 repeats, and R. nowegicus has 27 ( fig. 3) ) whereas the nonanthropoid mammals examined earlier had 6-19 repeats (Tseng and Green 1988, 1990; Phillips et al. 1990a ; Djian and Green 199 1) . The consensus sequence is identical in the two rodents, but this sequence differs from the consensus sequence of all three other orders by 3 nt of codons 1 and 3 and from that of two of the three orders by 1 nt in each of codons 8,9, 14, and 16. In the segment of repeats of the nonanthropoid primates, there is a pattern of systematic deletion of codons lo-12: Galago crassicaudatus (Phillips et al. 1990a) and Lemur catta (Tseng and Green 1988 ) usually have deletions at all three positions, and Tarsius bancanus has uniform deletions at two of the three positions (Djian and Green 199 1) . It can be seen that Mus and Rattus have both a consensus deletion at one of these positions and a tendency to delete at a second. At position 11 of repeat D, the nu/nu strain of Mus has an insertion of 14 consecutive CAG codons, whereas the Balb/c strain has only 8 CAG codons (Rattus has 2 CAG codons at that position).
Mus has an insertion of 6 CAR codons at the corresponding position of repeat E. It has been proposed that the entire involucrin gene arose originally from poly CAG (Eckert and Green 1986; Green and Djian 1992) , but the presence of polymorphic CAG reiterations in A4us would indicate that the process of CAG addition and deletion has continued to very recent times in this lineage. In the anthropoid primates, which possess a segment of repeats at site M, individual repeats of different species can be identified and matched by their repeat type (A or B) and by their marker nucleotides (those which diverge from the repeat consensus); this makes it possible to establish whether repeats of two lineages were added in a common ancestor or were added independently (Djian and Green 1992; Green and Djian 1992 ). It has not previously been possible to match repeats of different species at site P, because the extensive nucleotide correction that has taken place in these repeats has destroyed their identity. A valuable feature of the segments of repeats at site P of the two rodents is that their repeats can be matched: these two species have diverged so recently that the process of nucleotide correction has not effaced the identity of the repeats. Of the 27 repeats present in Rattus and of the 2 1 repeats present in Mus, 20 are orthologous. This means that most of the repeats of the two murids were acquired from a common ancestor. Both murids possess a similar partial last repeat, and this repeat is unusual in possessing four more codons than does the partial last repeat of the five nonanthropoid species examined earlier. The number of shared features of the corresponding repeats of the two murids (marker nucleotides and deletions) is given in table 1. There is an average of 9.7 shared markers per repeat.
Except for the anthropoid primates, whose segment of repeats at site P has been eliminated, all the mammalian species that we have examined have a segment of repeats at this location. It seems that the present-day segment of repeats at site P is the result of the continuing addition of repeats to a smaller segment of repeats acquired from a common mammalian ancestor. The two rodents show this trend. Repeats N and 0 of both rodents are duplicates of repeats R and S; this duplication must have occurred in a common murid ancestor but fairly recently, because there is little nucleotide divergence between the two pairs of repeats. Unshared repeats 23 and 24 of R. norvegicus are also duplicates of R and S, but this duplication obviously occurred more recently, after divergence of Rattus from Mus, since the two blocks of R. norvegicus share numerous marker nucleotides not present in the single block of M. musculus. It may be concluded that, to an earlier common segment consisting of -18 repeats, further additions were made in the common murid lineage and in Rattus.
The Nucleotide Correction Process at Site P From previous analyses of the segment of repeats at site P of Lemur (Tseng and Green 1988) , Galago (Phillips et al. 1990a) , Sus scrofa and Canis familiaris (Tseng and Green 1990) ) and Tarsius (Djian and Green 199 1 ) , there was clear evidence of a process in which a substitution at a nucleotide position in one repeat had spread to the corresponding position in other repeats, often neighboring ones. This was ascribed Downloaded from https://academic.oup.com/mbe/article-abstract/10/6/1136/988076 by guest on 13 January 2019 to gene conversion operating systematically at certain positions of the repeats. However, it was not possible to completely exclude recombination as the mechanism of this process.
Comparison of the segments of repeats of Mus and Rattus sheds additional light on this problem because most of the repeats of the two species can be matched. In the rodents there has been a process by means of which marker nucleotides have been able to spread from one repeat to another. This is most obvious at codon positions 1, 3,8,9, 14, and 16. Much of this spread has taken place in a common ancestral lineage, because the changes are shared by both species. But some changes have taken place in only one of the diverged lineages. Table 2 shows positions at which the codons present in the two rodents differ from the consensus codons of the other three mammalian orders. There are two kinds of differences. The first is exemplified by codons 1 and 3, where the rodents have CAT and CCA. In none of the other five species possessing a segment of repeats at site P is there a single repeat with T as the third nucleotide of codon 1. In only 3 repeats of a total of 69 in the other five species does CA occur as second and third nucleotides of codon 3. At these positions, the process of mutation and gene conversion has made these three nucleotides nearly exclusive to the rodents.
The situation is different for codons 8,9, 14, and 16. Although there is an ordinal consensus codon for these positions, there is much variability within the different prosimian primates and between them and the two nonprimate orders. Substitutions appear to have occurred in both directions in different lineages, as follows: G-A for the second nucleotide of codon 8 and the third nucleotide of codon 14, Ct+A for the first nucleotide of codon 9, T++C for the first nucleotide of position 16, and A-T for the third nucleotide of the same codon. In these cases, the substitutions have usually alternated between members of a single pair of nucleotides, each of which is a consensus nucleotide in two or more species, whereas the two other nucleotides have rarely participated.
But even at these positions, a lineage may occasionally substitute a different nucleotide systematically.
For example, the third nucleotide of codon 8 of Sus has been converted nearly uniformly to T, a nucleotide that is not present at all in the repeats of either Canis or the prosimians and that is infrequent in the two Rodentia.
It therefore seems clear that the direction of conversion can be different in different lineages. Repeats A through J are a part of an uninterrupted series of repeats derived from a common murid ancestor. Some of the nucleotide substitutions subsequently introduced into these repeats in only one of the two species are shown in table 3. If these changes had been achieved by a single recombination between different repeats, then either the identity of the repeats would have been destroyed or the continuity of the repeats would have been interrupted. But these repeats of Mus and Rattus are identified by an average of 9.7 shared marker nucleotides and deletions per repeat (table 1) . Looking upstream and downstream of the substitutions made in only one of the rodents, one finds shared marker nucleotides that are not present in any other repeat bearing the same corrected nucleotide. These are the closest shared marker nucleotides listed in table 3. For the changes to be the result of recombination, there would have to have been a second recombination between the corrected nucleotide and a shared flanking marker nucleotide.
But these shared marker nucleotides are frequently found only a few nucleotides or even 1 nucleotide upstream or downstream of a substituted nucleotide. It therefore seems that the only process that could explain the changes is gene conversion.
Minimal Nucleotide Conservation of Involucrin Coding Region in All Species
In the 17 species whose involucrin gene had been previously sequenced, only 28 amino acid residues, or 4.8% of the total, were uniformly conserved (Green and Djian 1992) . When the two rodent sequences are included, the number of uniformly conserved residues is now reduced to 18, or 3.1% of the total. This strengthens the view that much variability in the amino acid sequence of the protein is compatible with its Downloaded from https://academic.oup.com/mbe/article-abstract/10/6/1136/988076 by guest on 13 January 2019 NOTE.-Nucleotides corrected in only one of the two rodents are circled in fig. 3. function. The evolutionary variability of involucrin may be contrasted with the evolutionary conservation of the keratinocyte transglutaminase.
Of the 579 amino acids of human involucrin outside site P, only 96, or 17%, are conserved in Rattus involucrin; the corresponding figure for the transglutaminase of the two species is 92% (Phillips et al. 1990b) .
The conserved cysteine residues are particularly interesting.
In the 17 genes sequenced earlier, there were two unvaried cysteines, one corresponding to residue 44 of the human and the other to residue 75. In Mus these cysteines have been retained, but in Rattus, residue 75 has mutated to serine. In the segment of repeats of the common murid lineage, two new cysteine codons (TGC) were created by mutation and possibly gene conversion at position 6 of repeats C and E. In Rattus alone, a third cysteine codon (also TGC) was created at the same position in repeat L, and two additional cysteine codons (TGT) were generated as the first codons in unshared repeats 16 and 18. Cysteine codons are completely absent from the segment of repeats at site P of three of the five other species examined earlier. This suggests that one of the new cysteine codons in the segment of repeats of Rattus substitutes for that which has been mutated in codon 75. The closest of the new cysteine codons, the one in repeat C, is located 43 codons downstream of the lost cysteine codon.
Expression of the Murine Involucrin Gene
Because of earlier difficulties in detecting mouse involucrin with specific antisera prepared against the involucrin of other species, one might wonder whether the in- and Fink 198 1; Klein and Petes 198 1) . The same mechanism has been thought responsible for change in mammalian genes (Slightom et al. 1980 (Slightom et al. , 1988 Brown and Ish-Horowitz 198 1; Hayashida et al. 1984; Scott et al. 1984; Koop et al. 1989; Fitch et al. 1990 )) especially those which possess internal repeats ( HiiBg and Wieslander 1984; Strachan et al. 1985; Eickbush and Burke 1986; Enea et al. 1986; Cohn and Edstrijm 199 1; Phillips et al. 199 1; Green and Djian 1992; Paulsson et al. 1992) . Because of the relatively recent divergence ofMus and Rattus, the similarities between the segments of repeats in their involucrin genes have provided additional evidence for gene conversion as the mechanism of nucleotide homogenization at the same position in different repeats. The retention of unchanged nucleotides at positions very close to changed nucleotides may be thought of as analogous to the retention of flanking markers in the progeny of sexual crosses (Jackson and Fink 1981; Klein and Petes 198 1) .
In addition to nucleotide conversion, the rodent segment of repeats has undergone systematic codon deletion. The prosimians lack the majority of codons at positions lo-12, the tarsioids lack all codons at two of those positions, and the rodents lack the majority of codons at one position and a few at a second. There have therefore been at least three patterns of codon deletion. If, as seems most probable, these differences are due to the targeting of these codons by a deletion mechanism, that mechanism is capable of different adjustment in the three lineages. An alternative but less likely explanation would be targeted insertions in the other lineages, a process that would also require different targeting patterns. Although most of the deletions at positions 11 and 12 in Mus and Rattus were made in a common murid lineage, subsequent codon deletions were made at these same positions after the divergence of the two lineages, three in Rattus alone and one in Mus alone.
